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(54) DISPERSION COMPENSATING FIBER 



(57) The dispersion-compensating fiber according 
to the present invention is an optical fiber having a struc- 
ture which, when constituting an optical transmission 
line together with a single-mode optical fiber having a 
zero-dispersion wavelength near 1 .3 um, is capable of 
improving transmission characteristics of the whole op- 
tical transmission line and allowing the dispersion to be 
compensated for efficiently and the size thereof to be- 
come smaller, and has a structure for improving the total 
dispersion slope of the optical transmission line while in 



a state fully compensating for the dispersion of the sin- 
gle-mode optical fiber. This dispersion-compensating 
fiber has a triple cladding structure having a first clad- 
ding, a second cladding, and a third cladding which are 
successively provided on the outer periphery of a core, 
and, in a state where the relative refractive index differ- 
ences in its individual regions and outer diameters 
thereof are optimized so as to compensate for the dis- 
persion of the single-mode optical fiber, realizes an op- 
tical transmission system having a favorable total dis- 
persion slope. 
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Background Art 

[0002] In optical fiber transmission line networks used for hinh e^«^ , 

distance, the dispersion (chromatic disoersioT2nr««H ?J?T P ' lar 9 e - ca P acit V communications over a long 
by the wavelength deoendWo^ sum of the diSperSi ° n (dispersion caused 

(dispersion caused by the ^en^pl^ Tt^lTn "T^. * *" ° PtiCa ' f ' ber) 8nd Structural dis P e ^°" 
optical fiber employed as ZZsmSS,? ? » P 1°°"* the P ro P a 9 ation ™<**) * the single-mode 
when light outputted from ^Z^^^^t!!^ *T ^ transmissl °" ca P a <%- N«Ay. oven 
sense. When such an ODticalnul^ ZZZ^^Z . . I TlT . 916 wave,en 9th, it has a spectrum width in the strict 
dispersion characteristic ^^S^^^lSS^ ^ *" haVing 8 P^ermined chromatic 
components. This dispersion Tbv" a Si? 7^" Ve '° City Vanes 8mon9 defin « e ^ 
» width (nm, and unit optica, fiber tengTh (1) Also ? T*?' delay time difference per unit spectrum 

persioncance.eachoiherinthes hX^A^^EtST? the K material dis P ersion and ^ural dis- 
[0003] As means for compensat.no for the S sSS «f th f spe ^ ,on becomes the vicinity of 1 .31 urn 
fiber is used in general. In partSuT s nee th fSSSL ? S ' n ? ,e - mode °P tical fiber . a dispersion-compensatfng 
wavelength band it has ZeTd^ Z^nVlf SS ° f ° ptiCa ' fibers becomes the ,owes t the 1 .55-um 

- -ength ba^nd. On ^^r.T^^SZi'SS S^T •° Ut * - * 1 

vicinity of 1.3 urn have been laid so far and hi?! ,h P 1 haV '" 9 a zer °- di spersion wavelength in the 
1. 55-i wavelength band lb "T "L^'" 9 out °P tical communications in the 

^persion-compUatingf^ 

mode optica. Shaving a" p^SSTZ J!^Z^TT ^ * """^ » * Sin ^ 
30 optical transmission line can be compensated for For ? a * t *~ chromatic dispersion of the whole 

8-136758 and Japanese Patent ApS^pl NoTErs-SlTsTdiscS' 1 7^°"°" Laid "° P6n N °" HE ' 
comprising a double cladding structure On the otherhanH i«I I ™* dl8 P era,0 "-conipensating fibers 

discoses a +~»~nJLJ^ ^id-Open »*■ ™ 6-11630 

35 Disclosure of the Invention 

Ely, ^oS^ ? ** 8S a ~* tound problems as follow, 

for compensating for the chr^at^ 

prevented from occurring in wavelenoths of w^ten^S! u P 8 ' f ' ber ' cnromat,c dispersion cannot be all 
from the vicinity of the zZZl^Z^ZTS^u^^ f T at ^ 8 W8V6,en9th band devia ^ 
sion-compensating fiber are nSSTSSr* « ° US characteristi <* <" the conventional disper- 
opticalfiberhaving 9 a 2 ero-dispesTn^ 

characteristics may be caused to ^S^^J^^^T^, l ° 88 1 - 3SMF) ' various transmission 

tiplexing (WDM) system, in which d^Z^ZSTSf^ n- V* communicat ions of wavelength division mul- 
capacity !o further enhance !!and tSeZ WaVelengthS ° f S,gn8 ' »' 9ht are multiplexed so as to enable the transmission 

Ed bTa re un«KnmST ^ * ^ * 8 9raph Which indicataa atic dispersion, and is ex- 

Sa^^^^ 

for efficients and teiiTb^om^er WaVe ' en9,h ^ ^ en8bleS diSperSion t0 be compensated 

Kom^ 
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an outer diameter 2c, and a third cladding provided on the outer periphery of the second cladding. 
[0008] In this dispersion-compensating fiber the refractive index n 1 of the core, the. refractive index n 2 of the first 
cladding, the refractive index n 3 of the second cladding, and the refractive index n 4 of the third cladding satisfy the 
condition of n n > n 3 > n 4 > n 2 . Also, the relative refractive index difference A 1 of the core with respect to the third 
cladding and the relative refractive index difference A 2 of the first cladding with respect to the third cladding satisfy at 
least the conditions of 1% ^ A 1 ^ 3%, and A 2 ^ -0.3%. Further, in this dispersion-compensating fiber, the outer diameter 
2a of the core and the outer diameter 2c of the second cladding satisfy the condition of 2a/2c ^ 0.3. 
[0009] The dispersion-compensating fiber according to the present invention is characterized in that, when consti- 
tuting an optical transmission system together with a 1.3SMF, it has a length sufficient for the optical transmission 
system to yield a total dispersion slope of -0.024 ps/nm 2 /km or more but 0.024 ps/nm 2 /km or less with respect to 
respective light components having a shortest wavelength A s and a longest wavelength 7^ in signal wavelengths withjn 
the wavelength band in use. 

[0010] Specifically, the dispersion-compensating fiber has a length L DCF which is set so as to satisfy the following 
condition with respect to light having a wavelength Am in signal wavelengths within the wavelength band in use: 

| D SMF(* m )' L SMF + DocF^) ' L DCf| - 200 P s/nm 

where 

D SMF (Xm) is the dispersion of the 1 .3SMF at the wavelength Am; 
L SMF is the length of the 1 .3SMF; 

D DCF (Am) is the dispersion of the dispersion-compensating fiber at the wavelength Am; and 
l_o CF is the length of the dispersion-compensating fiber. 

[0011] More preferably, the length L DCF of the dispersion-compensating fiber is set so as to satisfy the following 
condition with respect to all signal wavelengths A a „ of light within the wavelength band in use: 

PSMF <*all) ' L SMF + D DCF (*«■> ' L DCf| ^ 200 ps/nm 

where 

d smf(*bii) is tne dispersion of the 1 .3SMF at all the wavelengths Ag,, in use; 
l smf is tne 'ength of the 1 .3SM F; 

D DCF (Xaii) is the dispersion of the dispersion-compensating fiber at all the wavelengths A.^, in use; and 
Lqqp is the length of the dispersion-compensating fiber. 

[001 2] Thus, the dispersion-compensating fiber comprising a core region having a single core and a cladding region, 
provided on the outer periphery of the core region, having three claddings (a triple cladding structure) can improve the 
total dispersion slope in the optical transmission system to which the dispersion-compensating fiber is applied, if the 
refractive index and outer diameter of each part thereof are set so as to satisfy such conditions as those mentioned 
above. Also, when the dispersion-compensating fiber is wound like a coil so as to constitute a module, for example, it 
is possible to select a chromatic dispersion having an absolute value which is large enough to enable the dispersion 
to be compensated for efficiently and the apparatus to become smaller. 

[0013] In particular, when a module employing a double cladding structure realizing an improvement in total disper- 
sion slope is to be made smaller, the shortening of the optical fiber and the reduction of the bending loss occurring 
upon being wound like a coil cannot be achieved at the same time. Such a problem can be overcome when various 
characteristics of the optical fiber having the triple cladding structure as mentioned above are optimized. 
[0014] For example, in the dispersion-compensating fiber having a triple cladding structure, the length of the disper- 
sion-compensating fiber necessary for dispersion compensation can be made shorter as the absolute value of the 
dispersion having a negative value is greater, whereby the dispersion compensation can be made more efficient. In 
particular, when the relative refractive index difference A 1 of the core with respect to the third cladding is set within the 
range of 1% or more but 3% or less, dispersion can be compensated for at a high efficiency. 

[0015] Though the dispersion increases as the value of A 1 is enhanced, it is necessary that, for example, the amount 
of Ge0 2 added to the core be increased in order to enhance the value of A v On the other hand, an increase in the 
amount of addition of Ge0 2 causes the transmission loss to increase. Therefore, it is preferred that, within the range 
of condition concerning A 1t the range of A 1 be appropriately selected, in view of various conditions such as use, equip- 
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ment, and the like, such that the value of A, is lowered (e.g 1% < a, < ?<>/ , in th* „ 

loss is required and that the value of A, is enhanced fe e f i A < M\ 5f * 8 ,ower trana ™^'°n 

compensation efficiency due to a h^dhp^ESf 1 %) " 0886 Where 3 higher dispersion 

ELTo^e ^ Present invention, the relative refractive index 

0.1 %. Also, the ratio of the outer dialer f^n! Jh ! ?k 9 preferab| y satisfies the c °ndition of 0% < a 3 s 

the condition of 2.5 S 20^35^ 

compensating fiber according* the lTJnUnvenTnSt^° T T" 9 8 wavelen 9 th of 1 m. the dispersion- 

suppress fts resultant increase EiSSS,!^ d ' n9 608,5,68 thS 8pP8ratUS t0 reduce its a " d 

[001 8] When an optical transmission system is constituted bvaia<?MF a »H th~ 

ing a .ength sufficient for compensating for the dispeiion of the V Smp Jl d,s P a ™on-com P ensating fiber hav- 
transmissionsystemyieldsatotaldispersion^^^^^ 88 r " ent,oned m the foregoing, this optical 

-0.012 P s/nm2/kmorLrebut0.012pi3km^re S s'w^ 
wavelength K and the longest waveL^ ^ 

Brief Description of the Drawings 



[0019] 



invent^ ^^^T^^^^ ? ^T™ *» » >™« 

shown in Fig. 1 A; * 9 ' ndex profi,e of the Aspersion-compensating fiber 

SorC^^^ 

Fig. 7 is a graph showing relationships between bending loss at a diameter of An o„w a 
Aspersion-compensating fiber (triple cladding structure) acSdina to thTn !L t < ^ conpemin 9 the 
example (double cladding structure). *™ C W accord.ng to the present invention and the comparative 

Best Modes for Carrying Out the Invention 

dr a «*g s win be mmt , 0 w«h nJmeffl. » Lot T , f V ""*' »•"■ >° other in the 

St >«^^^ according to the 

diameter 2a, and a cladding regiotTs of a tnSe JELL °lf°" 1prises acore re 9 l0n havin 9 a core 1 with an outer 
outer periphery of the core 1 havinq an outer diam^rln ' ""f^* by a ,irst c,addin 9 2 ' P™ idad °" the 
the first cladd^g 2, having an outo lZeT 2 ?ZT^ > s ~ ond claddi "9 3- Prided on the outer periphery of 
cladding 3. Figgis a X shoL^ 

in Fig. 1A in a diametric direction thereof (direct dispers.on-compensating fiber 100 shown 

refractive lndex profile 550 shown n Ra IB S S , I *? 'f* L the Chart) - Here ' the abscissa <* the 
section perpendicular to the cLnTer axfs of the^o^ HenJL int T a, ° n9 the " ne L h 1A 0n a «*» 
20, 30. and 40 indicate the refn^ l^ZZ2£E^ on^T^T^ >° ^' 9 1B " 8rcaS 10 ' 
cladding 3, and third cladding 4, respectively ° f the °° re 1 ' first claddin 9 2 - second 
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[0022] The dispersion-compensating fiber 100 is an optical waveguide mainly composed of Si0 2 (silica glass), and 
its characteristics are controlled by the outer diameter and refractive index of each region constituting the dispersion- 
compensating fiber 100, and the like. Here, A in the refractive index profile 550 shown in Fig. 1 B indicates the relative 
refractive index difference of each region with reference to the refractive index of the third cladding 4, and is defined 
as follows: 

A 1 = (n 1 -.n 4 )/n 4 



A 2 = ( n 2 - n 4 )/n 4 
A 3 = (n 3 - n 4 )/n 4 

[0023] Here, n 1f n 2 , n 3 , and n 4 are refractive indices of the corel, first cladding 2, second cladding 3, and third 
cladding 4, respectively. Also, the relative refractive index difference A in this specification is expressed in terms of 
percent, and the refractive indices of individual regions in each defining expression may be arranged in any order. 
Consequently, a negative value of A indicates that the refractive index of its corresponding region is lower than the 
refractive index of the third cladding 4. 

[0024] The dispersion-compensating fiber according to the present invention is configured such that the respective 
refractive indices of the above-mentioned individual regions 1 to 4 satisfy the following condition (1): 

n 1 > n 3 > n 4 > n 2 (1) 

As a consequence, the respective relative refractive index differences of the individual regions with respect to the third 
cladding 4 satisfy the following condition (1 a): 

A 1 >A 3 >0%>A 2 (ia) 

(Conditions (1) and (1a) are equivalent to each other.) Namely, they are configured such that A.| and A 3 have positive 
values, A 2 has a negative value, and A 1 has the largest value. 

[0025] An optical fiber with a triple cladding structure having such a refractive index profile is constructed, for example, 
as follows. The outermost third cladding 4 is formed from Si0 2 . By contrast, the core 1 and the second cladding 3, 
which are mainly composed of Si0 2 , are doped with respective predetermined amounts of Ge0 2 , such that their re- 
fractive indices are controlled so as to become higher than the refractive index of Si0 2 . On the other hand, the first 
cladding 2 mainly composed of Si0 2 is doped with a predetermined amount of F (fluorine), such that its refractive index 
is controlled so as to become lower than that of Si0 2 . Here, the configuration mentioned above is just an example of 
specific methods and configurations of refractive index control by means of such impurity doping, which is not restrictive. 
For example, the third cladding 4 may not be pure Si0 2 , but may be doped with a predetermined amount of a refractive 
index adjusting agent such as F. 

[0026] Their respective relative refractive index differences further satisfy the following conditions (2) and (3): 



1% < A! =§ 3% (2) 

A 2 ^ -0.3% (3). 
Also, their respective outer diameters satisfy the following condition (4): 

2a/2c ^ 0.3 (4). 



When the refractive index and outer diameter of each region are set as mentioned above, a dispersion-compensating 
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0%<A 3 ^0.1% 



2.5 ^ 2b/2a =i 3.5 

(6). 



dispersion having a negative vJTc^SSi 1 erebv 1 " ,nCreaSed " abS °' Ute Va,Ue 0f ,he 

cient. In order to increase the value of T o S^jSS ?V dlspers,on compensation can be made more effi- 
addedtothecore 1 be incr^"::?^™™*'™* " ,S Pessary that, for example, the amount of GeOo 
loss would increase due to tSTncTea^^ ,ndeX " 1 th6r60f - ,n tHis case ' however . transmission 

upper limit value of A< * > set to S s 2 * 9 CaUS6d by Ge ° 2 bei " 9 added ' and tna Since the 

the transmission toss £ereo to t'^TZT^T^ " 9 t0 the preSent invention ca " «PP™« 

optical fiber. ^ ° f ' eSS> Wh " 6 com P ens ««"9 for the chromatic dispersion of the single mode 

increases in out-of-roundness which 

deviation from the perfect circle also inrr™« V T < ' he P olar,zat,on mode dispersion caused by the 

greater. Since the upper mi7of T I su^eLd " the C ° rc 1 iS 9reater ' i e - the val "* °f * 

present invention JZpT^^Z ^^pe^"^^ tTT^T^ 9 ^ * ^ 

is 0.5% or less, for example. aspersion to 0.5 ps . km 1* or less when the out-of-roundness 

complsalfn^ <£" transmission system to which the dispersion- 

end) of a 1 .3SMF 200 is S»^5SS^I2iS^ , !! ° PtiCa ' transmission °ne end (entrance 

as a single-mode optica. »??SSS? S^SSiSS " ^ transm * si °" »" a 300 such 
end) of the dispercion-compensa^ * ^ C ° nneCtGd to one end (^nce 

(exit end) of the dispersion-compensa ina fiber t^ZTSlJ P rese "t -nvent.on. On the other hand, the other end 
transmission Hne ao'o such e ° nMd * * ™™ 500 b * ^ ° f a » optica,, fiber 

constituted, as shown?n fK bl^^ 
wavelength of 1.55 pm) an'd a X Jdn sTopfs 

w*h a length of Ldcf hiving a disp^rs^^ «oer 1 00 

D SMF * L SMF + D DCF * L DCF- 

Also, the total dispersion slope In the optical transmission system is given by: 

< S SMF * L SMF + S DCF ' LpCF^SMF' 

and totai^spersion slope in the optical LmJSS^l^S^^ «-ontr,but,on to the tota, dispersion 

S^s^ - s-h characteristics that, in the 

-0.024 psW/km or more b7X P sW^ diS P ersion slope becomes 

pensated for with respect to light having ZmSZSZ i « thecond,tlon where lts dispersion is sufficiently corn- 
becomes zero. 9 9 Wavelen 9 th of 1 55 ^ "nder the condition where the total dispersion 

dispersion becomes mS^^JST^TSS ^ ? -° ^ 8 diff6rence ° f an ac ™lated chromatic 
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chromatic dispersion in such optical transmission is described, for example, in "Optical Fiber Communication (OFC'96) 
Technical digest Postdeadline paper PD 1 9 (1 996)"; and, according to its description, the limit of permissible dispersion 
width is about 200 ps/nm when the bandwidth is 32.4 nm in the optical transmission over 150 km of a single-mode 
optical fiber In view of this, for carrying out wide-band, high-speed WDM transmission in an optical fiber transmission 
5 line having a length of 150 km or more, it is necessary that the total dispersion slope of the optical transmission line 
be -0.024 ps/nm 2 /km or more but 0.024 ps/nm 2 /km or less. 

[0033] Further, when a dispersion-compensating fiber which is adapted to yield a total dispersion slope value of 
-0.012 ps/nrr^/km or more but 0.012 ps/nm 2 /km or less is employed, an optical transmission system capable of higher- 
speed optical transmission can be realized. Namely, the total dispersion slope value is needed to be made further 
10 smaller in high-speed optical transmission at 20 Gbits/sec or at 30 Gbits/sec. According to the description in "Optical 
Fiber Communication (OFC'96) Technical digest Postdeadline paper PD 19 (1996)," optical transmission over a dis- 
tance up to about 500 to 600 km is possible when the total dispersion slope is -0.012 ps/nm 2 /km or more but 0.012 
ps/nm 2 /km or less. 

[0034] Here, in order to constitute the optical transmission system as mentioned above, the length L DCF of the dis- 
15 persion-compensating fiber is set so as to satisfy the following condition with respect to light having a wavelength Xm 
in signal wavelengths within the wavelength band in use: 

| D SMF(^ m ) * l smf + DdcpIXiti) • Ldcp) =§ 200 ps/nm 

20 

where 

D SMF (Xm) is the dispersion of the 1 .3SMF at the wavelength Am; 
L SMF is the length of the 1 .3SMF; 
25 D DCF(^ rn ) iS tne dispersion of the dispersion-compensating fiber at the wavelength Xm; and 

Lqqp is the length of the dispersion-compensating fiber. 

[0035] More preferably, the length Lqcf of the dispersion-compensating fiber is set so as to satisfy the following 
condition with respect to ail signal wavelengths X a]{ of light within the wavelength band in use: 

30, 

PsMF<*aI> * L SMF + ^DCF^o) 'Wl * 200 P S/nm 

where 

35 

D 8MF (X B ||) is the dispersion of the 1.3SMF at all the wavelengths X^ in use; 
L SMF is the length of the 1 .3SMF; 

D DCF (X^ U ) is the dispersion of the dispersion-compensating fiber at all the wavelengths X^ in use; and 
Ldcf ' s tne length of the dispersion-compensating fiber. 

40 

[0036] The dispersion compensation ratio, which is employed as an index for evaluating the dispersion-compensating 
fiber together with the above-mentioned total dispersion slope value, will now be explained. In this specification, the 
dispersion compensation ratio is defined as the value obtained when the ratio of the dispersion slope of the dispersion- 
compensating fiber to the dispersion slope of the single-mode optical fiber at a wavelength of 1 .55 \im is divided by. 

45 the ratio of the dispersion of the dispersion-compensating fiber to the dispersion of the single-mode optical fiber at a 
wavelength of 1 .55 um, and represents, when an optical transmission system is constituted by the single-mode optical 
fiber and the dispersion -compensating fiber, the correlation between the total dispersion and total dispersion slope in 
the optical transmission system. Namely, letting D SMF be the dispersion of the single-mode optical fiber, S SMF be the 
dispersion slope thereof, D^p be the dispersion of the dispersion-compensating fiber, and Spcp be the dispersion 

so slope thereof, the dispersion compensation ratio DSCR is given by: 

DSCR=(S DCF /D DCF )/(S SMF /D SMF ). 

55 [0037] For example, in an optical transmission system having a dispersion compensation ratio of . 100%, the ratio in 
length between the single-mode optical fiber and the dispersion-compensating fiber is set such that its total dispersion 
becomes zero, whereby the total dispersion slope value becomes 0 ps/nm 2 /km simultaneously, thus completely com- 
pensating for the total dispersion and total dispersion slope at the same time. In an optical transmission system having 
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fhS thI h di^ 9Urati ° n ° f SUCh a " ° PtiCa ' transmissi °" system is not limited to that mentioned above For example 
2 Tmi P , T n " C ° mPenSat,n9 flber 100 iS disp0Sed dow "^ream from the single-mode optical fiber 20o!n Ra' 

(First Embodiment) 

satisfy the above-mentioned Z^Z^o^U^' (5) 'and (ef ' ^ Va ' U6S 

Sclr^^ ^ aCC ° rdin9 tC> the '^embodiment, calculations were 

SS2 TrtJeZTJl d,s P ers,on - com P e ^"9 «ber having a double cladding structure. Fig. 3 shows the 
in?l P h 6 d,s P ers ' on -Gompensatlng fiber of double cladding structure, which is a comoarattve 

fliameter 2a, the first cladding port.on, provided on the outer periphery of the core portion having a refractive indexh 
a " ° , Sr and thS SeC ° nd C,addi " 9 P0rti0n ' provided °" the outer perfpTe^ ^nheSctedla 

PoSn'vl^ecttt " 3 (> 3nd « Wh6reaS the relative refractive index difference A, of the core 

portion with respect to the above-ment.oned second cladding portion is 1 .803% the relative refractive index differ^! 

tt II* T ^ reSP6Ct 10 thS ^ove-mentioned second cladding portion TSSS^^ZSSSZ 

° f ? C h ° rS P ° rti0n t0 the ° Uter diameter 2d of tne '^cladding portion is 0.35 ^ * 
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to the state where the dispersion is completely compensated for and the total dispersion slope is 0 ps/nm 2 /km. Dotted 
lines P1 and P2 indicate the cases where the dispersion compensation ratio is about 60% and 140%, respectively, and 
correspond to the states where the total dispersion slope is 0.024 and -0.024 ps/nm 2 /km, respectively. Dotted lines P3 
and P4 indicate the cases where the dispersion compensation ratio is about 80% and 120%, respectively, and corre- 
spond to the states where the total dispersion slope is 0.012 and -0.012 ps/nm 2 /km, respectively. 
[0044] In the dispersion-compensating fiber of double cladding structure (comparative example) shown in Fig. 4B, 
the permissible range width of core outer diameter 2a is about 0.14 um in the dispersion compensation ratio of 80% 
to 120% and is about 0.22 um in the dispersion compensation ratio of 60% to 140%. In the dispersion-compensating 
fiber of triple cladding structure according to the present invention shown in Fig. 4A, on the other hand, the permissible 
range width of core outer diameter 2a is about 0.24 um in the dispersion compensation ratio of 80% to 120%, and is 
about 0.40 p.m in the dispersion compensation ratio of 60% to 150%, whereby it can be seen that the permissible range 
of dispersion compensation ratio, i.e., the width of range of core outer diameter 2a in which the total dispersion slope 
can reside within the permissible range thereof, is much wider than that in the dispersion-compensating fiber of double 
cladding structure. 

[0045] Fig. 5 shows a table of examples of calculations in which parameters concerning refractive index and outer 
diameters are changed under the conditions of dispersion < -80 ps/nm/km at a wavelength of 1 .55 um and bending 
loss < 10 -3 dB/m at a diameter of 60 mm. In particular, the table of Fig. 5 shows the permissible range of core* s outer 
diameter and its width when the dispersion compensation ratio is 80% to 120%. 

[0046] For reducing the size of a module constructed when the dispersion-compensating fiber is wound like a coil, 
two points, i.e., (a) that the absolute value of the dispersion having a negative value is large and (b) that the bending 
loss is small, are important in addition to the dispersion compensation ratio and the total dispersion slope. Black points 
D1 and D2 in Figs. 4A and 4B indicate points where the dispersion is -80 ps/nm/km and -1 00 ps/nm/km 5 respectively; 
and the area on the left side (smaller core outer diameter side) from each point is the range where the dispersion is 
not greater than the corresponding value whereas the absolute value becomes greater. On the other hand, white points 
B1 and B2 in Figs. 4A and 4B indicate points where the bending loss at a diameter of 60 mm is 10* 3 dB/m and 10" 6 
dB/m, respectively; and the area on the right side (greater core outer diameter side) from each point is the range where 
the bending loss is not greater than the corresponding value. Here, each of the dispersion and bending loss is expressed 
as a value for light having a wavelength of 1 .55 um. 

[0047] As for these conditions, the permissible range width of outer diameter 2a of core in the dispersion-compen- 
sating fiber of triple cladding structure shown in Fig. 4A is about 0.26u,m when restricted by D1 and B1 , and is about 
0.06 jim when restricted by D2 and B2 which constitute a severer condition. In the dispersion-compensating fiber of 
double cladding structure shown in Fig. 4B, by contrast, no permissible core's outer diameter range exists even when 
restricted by D1 and B1 which constitute the mildest condition. 

[0048] Thus, the superiority of the dispersion-compensating fiber of triple cladding structure designed so as to satisfy 
the above-mentioned respective conditions concerning refractive index and outer diameter is clear. In particular, as for 
any of the condition for the dispersion compensation ratio and total dispersion slope concerning the compensation for 
dispersion and dispersion slope and the condition for the dispersion and bending loss concerning the forming of a 
smaller-size module, the permissible range width of core's outer diameter can be made very wide in the dispersion- 
compensating fiber according to the present invention. This means, in particular, that the permissible range of errors 
in core's outer diameter at the time of fiber making is wide, whereby it is possible to facilitate the fiber making step and 
improve the yield thereof. 

(Second Embodiment) 

[0049] As with the first embodiment, the second embodiment has the structure and refractive index profile shown in 
Figs. 1A and 1B. In the dispersion-compensating fiber according to the second embodiment, the relative refractive 
index difference A 1 of the core 1 with respect to the third cladding 4, the relative refractive index difference A 2 of the 
first cladding 2 with respect to the third cladding 4, and the relative refractive index difference A 3 of the second cladding 
3 with respect to the third cladding 4 are set to 1 .8%, -0.35%, and 0.08%, respectively. Also, the outer diameter 2a of 
the core 1 , the outer diameter 2b of the first cladding 2, and the outer diameter 2c of the second cladding 3 are set to 
2.96 um, 7.4 um, and 29.6 um, respectively. In this case, the ratio 2a/2c of the outer diameter 2a of the core 1 to the 
outer diameter 2c of the second cladding 3 is 0.1 , and the ratio 2b/2c of the outer diameter 2b of the first cladding 2 to 
the outer diameter 2c of the second cladding 3 is 0.25. These values satisfy the above-mentioned conditions (1), (2), 
(3), (4), (5), and (6). 

[0050] Various characteristics of the dispersion-compensating fiber at a wavelength of 1 .55 urn determined under 
the following conditions: 
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dispersion — — 

dispersion slope 

mode field diameter (MFD) 

effective area (A eff ) 

bending loss at a diameter of 40 mm 

bending loss at a diameter of 60 mm 



-121 ps/nm/km 
-0.425 ps/nm 2 /km 
4.98 urn 
19.7nm2 
2.4 x 10-3 dB/m 
5.9 x 10* 6 dB/m. 



S!stn^ ? abo ^ mentio " ed characteristics, the abso.ute va.ue of dis- 

ratio becomes subslaSly ^££2^ Si^SSTf" ^ diSP6rei ° n c ° m P e <^°n 

fiber, ihile ^eVeS'e ar ea J^lTS^SSif? °' 5 ^J*" " ' ar9e ta the ^-'on-compensating 

versely affected thereby XrefoH'h8 fi h«l nf P ^ S ° h ' 9h that transmissio " characteristics are often ad 

Prope^HenceSrC^^ 

bending loss at the same time Fig Eh3E2^ 

core 1 with respect to the o^eSst ctad*nc ^j£^££^!!. lhe re ' a,iVe fefraCtiVe index difference A 1 of the 
second cladding in the m^^SSSS^ ^TZV ^r " *** CiaMmg Mre - the 
area A eff on the relative ref ractive fndex dWereScL a S "T area ^ ( de P endence * the effective 

structure indicated by 0200(80^ ^ 

CI 00 (dotted line). aL Rg ( /I h T ° f f** Claddin 9 struct -* m*at- b? 

with respect to the outemiost claddTnc ^ h h ?k at ' V6 re,raCtive index diff erence A 1 of the core 1 

cladding! the case of trip.e cladding structure, and the second 

the bending ioss at a diameter of Z 2 o *e rStfve r 2t^! h w « 3 d ' ameter ° f 40 mm ( de P en ^nce of 
compensating fiber of double cl^Z^uS^S^i^'^ ^ ^ *"* ° f * e dispereion " 
of triple cladding structure indicated by CI 1 00 (dotted ^ ( > ^ ^ dls P ersi °n-c°npensating fiber 
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a first cladding provided on the outer periphery of said core and having an outer diameter 2b; 

a second cladding provided on the outer periphery of said first cladding and having an outer diameter 2c; 

and 

a third cladding provided on the outer periphery of said second cladding, 

* 

wherein a refractive index n 1 of said core, a refractive index n 2 of said first cladding, a refractive index n 3 of 
said second cladding, and a refractive index n 4 of said third cladding satisfy 

n 1 > n 3 > n 4 > n 2 ; 

wherein respective relative refractive index differences A 1 and A 2 of said core and said first cladding with 
respect to said third cladding satisfy 

1% =i A 1 =i 3%, 

and 

A 2 ^ -0.3%; 

wherein the ratio of the outer diameter of said core with respect to the outer diameter of said second cladding 
satisfies 

2a/2c ^ 0.3; 



and 

wherein, when said single-mode optical fiber with the predetermined length and said dispersion-compensating 
fiber having a length sufficient for compensating for the dispersion of said single-mode optical fiber are optically 
connected to each other to constitute an optical transmission system, said dispersion-compensating fiber caus- 
es a total dispersion slope in said optical transmission system to have an absolute value of 0.024 ps/nm 2 /km 
or less with respect to light having a shortest wavelength and light having a longest wavelength in signal 
wavelengths within a wavelength band in use. 

Adispersion-compensating fiber according to claim 1 , wherein the total dispersion slope in said optical transmission 
system is caused to have an absolute value of 0.012 ps/nm 2 /km or less with respect to light having the shortest 
wavelength and light having the longest wavelength in signal wavelengths within the wavelength band in use. 

A dispersion-compensating fiber for compensating for a dispersion of a single-mode optical fiber having a prede- 
termined length and a zero-dispersion wavelength near a 1 .3 um wavelength band, said dispersion-compensating 
fiber comprising: 

a core region extending along a predetermined reference axis and having an outer diameter 2a; and 

a cladding region which is a region provided on the outer periphery of said core region, said cladding region 

comprising: 

a first cladding provided on the outer periphery of said core and having an outer diameter 2b 

a second cladding provided on the outer periphery of said first cladding and having an outer diameter 2c; 

and 

a third cladding provided on the outer periphery of said second cladding; 

wherein a refractive index n 1 of said core, a refractive index n 2 of said first cladding, a refractive index n 3 of 
said second cladding, and a refractive index n 4 of said third cladding satisfy 

n^ > n 3 > n 4 > ri 2 ; 
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S5S;SS,t5: index * - ssw -f - «* * 

1%SA 1 S3% li 

and 



A 2 ^ -0.3%; 

^theratlo of the outer diameter of sa,d core with respect to the outer diameter pf said second cia dd ,„ g 



2a/2c ^ 0.3; 



and 



length band in use, the following condition wavelength Xm in s.gnal wavelengths within the wave- 

|D SMF (Xm) • L SMF + DocpCXm) . 1.^ s 2 00 ps/nm 



where 



^^^^ 

condition: "° an s.gnal wavelengths of l.ght wrth.n the wavelength band in use, the following 

PsMF(^aii) L SMF + Docp^-Ldcp)) s 200 ps/nm 

where 

0% < A 3 s 0.1%. , 
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2.5 ^ 2b/2a ^ 3.5. 

8. Adispersion-compensating fiber according to claim 1 , wherein, with respect to light having a wavelength of 1 .55 
5 nm, said dispersion-compensating fiber has a bending loss of 0.1 dB/m or less at a diameter of 60 mm, a polarization 

mode dispersion of 0.5 ps • knrr 1/2 or less, and a transmission loss of 1 dB/krn or less. 

9. An optical transmission system comprising: 

10 a single-mode optical fiber having a predetermined length and a zero-dispersion wavelength near 1 .3 uxn; and 

a dispersion-compensating fiber according to claim 1 ; 

wherein said optical transmission system has a total dispersion slope whose absolute value is 0.024 ps/nm 2 / 
km or less with respect to light having a shortest wavelength and light having a longest wavelength in signal 
wavelengths within a wavelength band in use. 

15 

10. An optical transmission system according to claim 9, wherein the absolute value of total dispersion slope in said 
optical transmission system is 0.012 ps/nm 2 /km or less with respect to light having the shortest wavelength and 
light having the longest wavelength in signal wavelengths within the wavelength band in use. 
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Fig.4A 




CORE'S OUTER DIAMETER 2a ( um ) 



Fig.4B 




CORE'S OUTER DIAMETER 2a ( M m) 
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Fig. 6 
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